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ABSTRACT 
Alexandra Nguyen: Antibiotic resistance in Staphylococcus aureus from hogs raised with and 
without antibiotics 
(Under the direction of Jill Stewart) 
Antibiotics are used in food animal husbandry in the United States for the treatment and 
prevention of disease and for growth promotion. Our aim was to study the potential effects of 
antibiotic use in animal husbandry. We isolated Staphylococcus aureus from the heads (mouth 
and nares) of recently-slaughtered hogs in order to compare antibiotic resistance profiles of hogs 
raised without antibiotics (RWA; N=115 isolates) to those raised with antibiotics, conventionally 
raised (CR; N=98 isolates). All hog products were obtained from the same slaughterhouse, 
limiting exposure differences in the hogs after leaving their respective operations. We found 
overall higher proportions of resistance in tested CR hog isolates than tested RWA hog isolates. 
A significantly higher proportion of multidrug-resistant S. aureus isolates were found from CR 
hogs than from RWA hogs (92% and 7.0%, respectively, p<0.0001). Additionally, CR hog 
isolates were significantly more often resistant to antibiotic classes sold and distributed mostly 
for food animals (98% in CR; 7% in RWA, p<0.0001). These findings suggest a relationship 
between the use of antibiotics in food animals and antibiotic resistance. This is the first study to 
compare S. aureus communities in recently-slaughtered hogs processed in the same 
slaughterhouse, but raised in different environments of antibiotic use (RWA vs. CR), in North 
Carolina. 
 
 
 
4 
 
ACKNOWLEDGMENTS 
 
I would like to thank the Stewart Environmental Health Microbiology Laboratory of the 
Department of Environmental Sciences and Engineering at the University of North Carolina at 
Chapel Hill for allowing me the opportunity to join this project. In particular, I would like to 
thank Dr. Jill Stewart for being my thesis advisor. Her support and guidance while working in 
the lab and throughout the writing process were indispensable. Additionally, I would like to 
thank Sarah Rhodes and Elizabeth Christenson for making the hours I spent in the lab enjoyable 
and something to look forward to. Their input for improving my thesis was also invaluable. I 
would like to thank Dr. Jamie Bartram, Dr. Jacqueline MacDonald Gibson, and the rest of the 
ENVR 684 class for providing feedback on my writing. I would like to thank Dr. Michael Flynn 
and Sarah Rhodes for being on my defense committee. Lastly, I would like to thank my family 
and friends for their encouragement and support.  
 
5 
 
TABLE OF CONTENTS 
 
LIST OF TABLES ........................................................................................................................................ 6 
LIST OF FIGURES ...................................................................................................................................... 7 
LIST OF ABBREVIATIONS ....................................................................................................................... 8 
Literature Review ..................................................................................................................................... 10 
Overview ..................................................................................................................................................... 10 
How Antibiotic Resistance Works ............................................................................................................... 11 
Use of Antibiotics in Food Animals ............................................................................................................ 12 
Policy and Action ........................................................................................................................................ 13 
Living in Close Proximity to a CAFO – an Environmental Justice Issue? ................................................. 16 
HA- and CA-MRSA ..................................................................................................................................... 17 
LA-MRSA .................................................................................................................................................... 18 
Transmission in the Environment ............................................................................................................... 21 
Public Health Significance ......................................................................................................................... 22 
Materials and Methods ............................................................................................................................. 24 
Results ........................................................................................................................................................ 28 
Discussion .................................................................................................................................................. 30 
Tables ......................................................................................................................................................... 35 
Figures ........................................................................................................................................................ 37 
References .................................................................................................................................................. 41 
 
 
 
 
 
 
 
 
 
6 
 
LIST OF TABLES 
 
Table 1. Amount of antibiotic on disks used in antimicrobial susceptibility testing ....................35 
Table 2. Proportion of tested antibiotics sold and distributed in the United States ......................36 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7 
 
LIST OF FIGURES 
 
Figure 1. Percent of tested S. aureus isolates resistant to each antibiotic .....................................37 
Figure 2. Prevalence of resistance to multiple classes of antibiotics amongst S. aureus isolates 
from CR and RWA hogs  ...............................................................................................................38 
Figure 3. Percent of multidrug resistant tested S. aureus isolates ................................................ 39 
Figure 4. Percent of tested isolates resistant to antibiotics primarily used in livestock.. ............. 40 
 
  
8 
 
LIST OF ABBREVIATIONS 
CR – Conventionally raised 
RWA – Raised without antibiotics 
CDC – Centers for Disease Control and Prevention 
WHO – World Health Organization 
FDA – Food and Drug Administration 
USDA – United States Department of Agriculture 
HHS – Department of Health and Human Services 
GAO – Government Accountability Office 
NARMS – National Antimicrobial Resistance Monitoring System 
ADUFA – Animal Drug User Fee Amendments 
MRSA – Methicillin-resistant Staphylococcus aureus  
MDRSA – Multidrug resistant Staphylococcus aureus 
MSSA – Methicillin-susceptible Staphylococcus aureus 
LA-MRSA – Livestock-associated methicillin-resistant Staphylococcus aureus 
HA-MRSA – Hospital-acquired methicillin-resistant Staphylococcus aureus 
CA-MRSA – Community-acquired methicillin-resistant Staphylococcus aureus 
CAFO – Concentrated animal feeding operation 
PCR – Polymerase chain reaction 
canSNP – Canonical single nucleotide polymorphism 
WGST – Whole-genome sequence typing 
CC – Clonal complex 
MHB – Mueller-Hinton Broth 
PBS – Phosphate buffered saline 
TSB – Tryptic Soy Broth 
BHIB – Brain Heart Infusion Broth 
spa – Staphylococcal protein A 
IEC – Immune evasion cluster  
AFLP – Amplified fragment polymorphism  
9 
 
Introduction 
Antibiotic resistance is an increasingly important public health issue. As bacteria develop 
resistance to antibiotics, it will become increasingly difficult to treat infections that are currently 
manageable. Combating antibiotic resistance has been recognized as a global priority. In 
September 2014, The White House released a national strategy for combatting resistance (The 
White House 2014a). Shortly after, the World Health Organization released a Global Action Plan 
to address the issue (WHO 2015).  
The Centers for Disease Control and Prevention (CDC) estimates that each year, at least 
2 million people in the US are infected with a bacterial strain resistant to at least one antibiotic 
designed to treat it. At least 23,000 die as a result of these strains (CDC 2013). Resistance is 
often blamed on overprescribing of antibiotics by medical doctors (Belongia and Schwartz 1998; 
Williams and Heymann 1998), but antibiotic use is not confined to human medicine (FDA 2014).  
Based on most recent data from the Food and Drug Administration (FDA), food animals 
account for 82% of all antibiotics sold and distributed in the US (FDA 2012; FDA 2014). 
Furthermore, the majority of antibiotics sold and distributed for food animals are considered 
medically important by the FDA. The FDA approves antibiotics in food animals not only to treat 
disease, but also for disease prevention and control, as well as growth promotion (FDA 2014). 
Staphylococcus aureus is a leading cause of human bacterial infections globally, and it 
has an incredible ability to develop antibiotic resistance (Deleo and Chambers 2009). Antibiotic 
use in food animal production could lead to the emergence and dissemination of resistant 
zoonotic bacteria including resistant strains of S. aureus. Both methicillin-resistant S. aureus 
(MRSA) and multidrug resistant S. aureus (MDRSA) have been isolated from air (Chapin et al. 
2005; Schulz et al. 2012), soil (Schulz et al. 2012), hogs (Oppliger et al. 2012) on or surrounding 
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hog operations, and the nares of livestock-exposed workers (Oppliger et al. 2012; Rinsky et al. 
2013). Antibiotic resistant S. aureus has also been identified in retail meat from a variety of food 
animals (Waters et al. 2011). 
The aim of this project was to examine antibiotic resistance profiles of S. aureus in hog 
products from eastern North Carolina, one of the leading hog production areas nationwide. This 
was part of a larger study focused on isolating and genetically-typing S. aureus from recently-
slaughtered hogs. By comparing proportions of antibiotic resistant S. aureus in hogs raised with 
and without antibiotics, we can compare the effects of antibiotic use in animal husbandry. Today, 
characteristics of S. aureus from food animals in the United States are relatively under-studied in 
comparison to Europe. By isolating bacteria from minimally-processed hog heads, we attempted 
to characterize a S. aureus population that may be representative of S. aureus communities that 
colonize live hogs grown under differing conditions of antibiotic use. 
Literature Review 
Overview 
An increase in antibiotic-resistant bacteria poses a threat to public health. The Centers for 
Disease Control and Prevention (CDC) estimates that in the US alone, over two million illnesses 
and 23,000 deaths can be attributed to antibiotic-resistant bacteria (CDC 2013). Antibiotic-
resistant bacteria can emerge naturally, and through antibiotic use and misuse in both human and 
animal medicine. Resistance is often attributed to the over-prescription of antibiotics by 
healthcare providers (Belongia and Schwartz 1998; Williams and Heymann 1998), but only 18% 
of all antibiotics in the US are sold and distributed for human use (FDA 2012; FDA 2014). 
Instead, the majority (82%) are sold and distributed for use in food animals for disease control, 
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disease prevention, and growth promotion (FDA 2014). Antibiotic resistant bacteria have been 
documented in animal agriculture settings globally (van den Bogaard et al. 2001; de Neeling et 
al. 2007; Golding et al. 2010; Wu et al. 2010; Schulz et al. 2012; Chuang and Huang 2015; Smith 
and Wardyn 2015).  
How Antibiotic Resistance Works  
 Antibiotics create a selective pressure among bacteria that facilitate competition between 
susceptible and resistant strains. The presence of antibiotics encourages survival of resistant 
strains. Furthermore, the use of antibiotics in one organism affects exposure of more than just 
itself. In this sense, antibiotics are known as “societal drugs” – any use of them contributes to 
antibiotic exposure of the entire society (Chadwick and Goode 1997).  
Resistance occurs by way of bacteria expressing resistant gene(s) that reside on 
chromosomes or DNA plasmids (Levy 1998; Guardabassi et al. 2009). These genes can occur 
through horizontal gene transfer, random DNA mutations, or inheritance (Levy 1998). 
Resistance can be manifested in a variety of mechanisms. For example, penicillin resistance, 
which was first documented within two years of widespread use of penicillin, can occur when 
bacteria use an enzyme to prevent the growth-inhibiting ability of penicillin (Abraham and Chain 
1940; Walsh 2000). In contrast, a common mechanism of tetracycline resistance works by 
producing efflux pumps to pump antibiotic out of cells (McMurry et al. 1980; Levy 1998). If 
multiple resistance genes are expressed in a single bacterial strain, there is potential for increased 
virulence1 in that strain (Coates 2012). 
                                                          
1 Virulence describes the degree of infectivity and severity of the disease caused by a bacterium (Read 1994).  
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Use of Antibiotics in Food Animals 
 In 1951, the US Food and Drug Administration (FDA) approved antibiotics for 
nontherapeutic use in food animals without a veterinary prescription (Jones and Ricke 2003). 
Often, the same antibiotics used for growth promotion also aid in disease prevention (Gustafson 
and Bowen 1997). Examples of animal antibiotic use include penicillin to treat bovine mastitis2 
and chlortetracycline to help chickens gain weight and decrease the time needed for them to 
reach market weight. Through the use of antibiotics, it became possible for animals to live in 
tighter quarters without health consequences, leading to the now widespread practice of 
confinement rearing (Gustafson and Bowen 1997). Operations that practice confinement rearing 
are often referred to as concentrated animal feeding operations (CAFOs).  
 Today, there are over 685 drugs approved by the FDA for use in food animals (FDA 
2015). Feed accounts for the largest proportion of antibiotics sold and distributed for domestic 
food animals (FDA 2014). Feeds that include drugs are called free choice medicated feeds 
(FCMF). The FDA defines FCMFs as “…products which contain one or more animal drugs and 
are placed in feeding and grazing areas but are not intended to be fully consumed at a single 
feeding or to constitute the entire diet of the animal” (FDA 1985). The use of FCMFs raises 
several issues in animal husbandry.  
 Differences in pharmacokinetics and pharmacodynamics between species can cause 
major problems. Different species tend to absorb and metabolize substances differently (Toutain 
et al. 2010). This complicates dosing among animals in the agricultural setting. In addition, over-
administration of drugs poses the threat of animal toxicity. Problems can arise from inconsistent 
                                                          
2 Bovine mastitis is a serious illness in cattle caused by S. aureus (Fluit 2012). 
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or under administration of drugs delivered through feed as well. For instance, a diseased animal 
that experiences loss of appetite would benefit only slightly or not at all from antibiotics in feed 
and water (Guardabassi et al. 2009). 
 The FDA 2014 Summary Report on Antimicrobials Sold or Distributed for Use in Food-
Producing Animals states that sales and distribution (domestic and export) of antimicrobials 
approved for use in food-producing animals was approximately 15.4 million kg. Nearly all of 
these antimicrobials were sold and distributed domestically, with exports accounting for less than 
1% (FDA 2014). 
Of antimicrobials sold and distributed domestically for use in food-producing animals, 
the FDA considers 62% medically important. Tetracycline accounts for the majority of medically 
important sales and distribution (FDA 2014). Notably, Price et al. (2012) suggests the acquisition 
of tet(M) in LA-MRSA CC398, and thus tetracycline resistance, is likely associated with the use 
of tetracycline in food animal production. Recently, steps have been taken globally to curb the 
progression of antibiotic resistance and prolong the use of these medicines.  
Policy and Action 
In 2015, the World Health Organization (WHO) released its Global Action Plan on 
Antimicrobial Resistance. Its goal is to ensure a sustainable future for antimicrobials. This 
includes maintaining drug effectiveness through responsible use of medications. The Global 
Action Plan encourages countries to develop their own national action plans, and outlines 
objectives aimed toward education; surveillance and research; good hygiene and prevention; 
optimal antimicrobial use; and sustainable economic investment in medicines and other medical 
interventions (WHO 2015). 
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Some nations were ahead of others on acting to slow antimicrobial resistance. After 
Denmark banned the use of nontherapeutic antimicrobials in livestock, the WHO investigated the 
effects of the ban. The WHO determined that the ban reduced antimicrobial resistance in food 
animal reservoirs. However, it was also linked to an increase in therapeutic antimicrobial use. 
Overall, the WHO determined that other countries with conditions similar to Denmark could end 
the use of nontherapeutic antimicrobials with only minimal consequences (WHO 2003). 
By 2000, nontherapeutic antimicrobial use was banned in livestock across the European 
Union (EU) (GAO 2011; DANMAP 2013). Today, Europe has an organized approach that uses 
multiple governmental agencies to sample and compile antimicrobial-related data across 
countries (Sorensen et al. 2014).  
Interestingly, antimicrobial research in Europe is led by industry, not the government. 
Conversely, antimicrobial research in the US is led by the government, and industry mostly 
believes that there is a lack of evidence to support a negative impact from antimicrobial use in 
livestock (Sorensen et al. 2014). 
In 1996, the US established an antibiotic resistance surveillance team called the US 
National Antimicrobial Resistance Monitoring System (NARMS). NARMS is comprised of the 
US Department of Agriculture (USDA), FDA, and CDC. Each agency collects samples from a 
different area affected by antimicrobial resistance – animal carcasses at slaughter, retail meat, 
and human foodborne infection, respectively. However, it can be difficult to draw conclusions 
from these data, as there is a lack of consistency between sampling methods used by the different 
agencies (Sorensen et al. 2014). 
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A 2011 report from the US Government Accountability Office (GAO) determined that 
progress of handling antimicrobials in livestock has been limited in the US (GAO 2011). In 
2008, Section 105 of the Animal Drug User Fee Amendments (ADUFA) – an amendment to 
Section 512 of the Federal Food, Drug, and Cosmetic Act – required the FDA to release annual 
reports on antimicrobial drug distribution and sales (FDA 2014). Although the amendment added 
transparency to antimicrobial usage in the food animal industry, the GAO criticized that the data 
collected lack specifics and complicate the ability to draw conclusions on the relationship 
between usage and resistance. Specifically, the GAO pointed to the absence of information about 
which species are given antimicrobials, and for what purpose. The USDA also faced criticism in 
the GAO report. Namely, the GAO noted that the retail meat and food animal samples collected 
are not representative of the US population (GAO 2011). 
More recently, President Barack Obama issued an Executive Order concerning 
antimicrobial resistance. In it, he created the Task Force for Combating Antibiotic-Resistant 
Bacteria to monitor the progress of his Executive Order as well as its accompanying National 
Strategy for Combating Antibiotic-Resistant Bacteria  (The White House 2014b; The White 
House 2014c). 
Congress took further legislative action in 2013, although the legislation has yet to pass. 
The Preventing Antibiotic Resistance Act of 2013 would amend the Federal Food, Drug, and 
Cosmetic Act and require applicants requesting approval for animal use of a medically important 
drug to show that its nontherapeutic use is unlikely to lead to human health consequences due to 
antimicrobial resistance. The bill also gives the Secretary of the Health and Human Services 
Department (HHS) the ability to deny approval of an antibiotic if this condition is not met (113th 
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Congress 2013). Although many governments are addressing antibiotic resistance in animal 
agriculture, CAFOs themselves present another set of concerns.  
Living in Close Proximity to a CAFO – an Environmental Justice Issue? 
 The occupational health hazards of working in CAFOs, including chronic respiratory 
illnesses and organic dust syndrome, have been known for some time (Donham 1998). More 
recently, an impact for those who live near CAFOs has been shown. Not only does air from 
CAFOs release offensive odors, but the air often contains dust with endotoxins, ammonia, and 
volatile organic compounds (Von Essen and Auvermann 2005; Wing et al. 2013).  
Certain medical complaints, including pulmonary disease symptoms and lung function 
abnormalities, are more common from people near CAFOs than those who are unexposed (Von 
Essen and Auvermann 2005). In addition, adolescent respiratory effects such as wheezing have 
been associated with estimated exposure to air pollution from CAFOs (Mirabelli et al. 2006). 
 CAFO locations have been shown to disproportionately affect poor, nonwhite 
populations in eastern North Carolina, raising environmental justice concerns. The concentration 
of CAFOs is higher in the south central area of the North Carolina Coastal Plain region than 
anywhere else in the state. Much of the State’s rural black population still resides in this area, 
stemming from the region’s history of slave labor. Poverty and race are both strongly associated 
with hog operation location separately, but the combination of the two is most greatly associated. 
There is also concern that corporate agribusiness-run CAFOs are well-equipped to build new 
operations in areas of low political power and low land values (often poor, non-white areas). The 
issue is especially relevant since agribusiness-run CAFOs are primarily responsible for recent 
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industry expansion, as the number of independent CAFO operators is declining (Wing et al. 
2000).  
Among bacteria, Staphylococcus aureus carriage has been particularly well-studied. 
Methicillin-resistant S. aureus (MRSA) has often been the focus of the research, although 
methicillin-susceptible S. aureus (MSSA) are becoming a larger focus.  
HA- and CA-MRSA 
 S. aureus is a human commensal bacteria carried by approximately one third of the 
American population, primarily in the nostrils (Gorwitz et al. 2008). It is estimated that 20% of 
healthy people are persistent carriers of S. aureus and 60% are intermittent carriers. Nasal 
carriage is a risk factor for infections (Kluytmans et al. 1997; Wertheim et al. 2005). Infections 
often affect the blood, skin, soft tissue, bones, joints, or respiratory tract (Lowy 1998).  
MRSA infections have mostly been seen in healthcare settings over the past 50 years. 
These infections are known as hospital-acquired MRSA (HA-MRSA). HA-MRSA primarily 
affect elderly and immunocompromised patients. More recently, MRSA infections have been 
identified in a different setting, affecting a different demographic (Millar et al. 2007).  
Community-acquired MRSA (CA-MRSA) was first identified in the 1980s, and affects a 
young, healthy population with no risk factors for acquiring HA-MRSA. CA-MRSA infections 
are found among groups including athletes, prisoners, and military personnel. Close physical 
contact is common to these groups, and is a risk factor of CA-MRSA (Millar et al. 2007).  
These different types of MRSA are often clinically different. CA-MRSA usually 
manifests as severe skin or soft tissue infections, and HA-MRSA tends to come in the form of 
skin or soft tissue infections, bacteremia, pneumonia, or urinary tract infections (Millar et al. 
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2007). Additionally, these two forms often differ in the staphylococcal cassette chromosome mec 
(SCCmec) types3 they carry – CA-MRSA carries types IV and V, and HA-MRSA carries types I, 
II, and III (Baddour 2010).  
LA-MRSA  
The MRSA subgroup livestock-associated MRSA (LA-MRSA) was established in the 
early 2000s when a novel clonal complex (CC), CC398, was discovered in European hog farmers 
(Voss et al. 2005; Van Loo et al. 2007; de Neeling et al. 2007). CC398 accounts for much of the 
LA-MRSA population4. Since the discovery of LA-MRSA, other livestock-associated S. aureus 
strains have been discovered that are susceptible to methicillin, but resistant to a variety of other 
antibiotic classes (Waters et al. 2011; Rinsky et al. 2013; Neyra et al. 2014; Nadimpalli et al. 
2015). CC398 has been identified in hogs (Guardabassi et al. 2007; Oppliger et al. 2012), poultry 
(Nemati et al. 2008), and cattle (Feßler et al. 2012). Although not yet as well-studied as CC398, 
livestock-associated isolates belonging to CC9 have also been identified on hog farms, mostly in 
Asia (Wagenaar et al. 2009; Ho et al. 2012; Vestergaard et al. 2012; Boost et al. 2013). 
Molecular-based evidence supports that livestock-associated CC398 evolved from human 
MSSA, and developed resistance to methicillin and tetracycline after introduction to livestock. 
Thus, CC398 includes both human- and livestock- associated strains. Livestock-associated S. 
aureus is also believed to have lost phage-carried human virulence genes, potentially making 
these strains less virulent to humans. There is also evidence of reduced transmission and 
colonization abilities in humans (Price et al. 2012).  
                                                          
3 SCCmec is a defining feature of MRSA. It confers broad-spectrum resistance to beta-lactam antibiotics, such as 
methicillin (IWG-SCC 2009).  
4 CC398 and ST398 are interchangeable, but referred to here as CC398. 
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One technique for grouping S. aureus strains into clonal complexes is spa-typing. spa-
typing clusters similar isolates on the basis of the gene staphylococcal protein A (spa) 
(Strommenger et al. 2006). spa types belonging to CC398 include t011, t567, and t034 (Nemati 
et al. 2008; Wagenaar et al. 2009).  
Although spa typing is frequently used in S. aureus epidemiology, some studies have 
demonstrated that the method places isolates in the wrong clonal complex due to homoplasy 
within the spa gene. In Price et al. (2012), whole-genome sequence typing (WGST) proved a 
better way to determine the clonal complex. In addition to spa-typing and WGST, canonical 
single nucleotide polymorphism (canSNP) assays can also place isolates into a clonal complex 
(Stegger et al. 2013). 
 Other prominent genetic markers of livestock-association are absence of the scn gene and 
presence of the tet(M) gene. When used in combination with other markers of livestock 
association (e.g. CC398/CC9), these traits can indicate livestock origin. Stegger et al. (2013) 
found that these two genes consistently differ between livestock and human-associated S. aureus. 
scn is a member of the immune evasion cluster (IEC) of genes, which are largely absent in 
livestock-associated CC398 strains (Price et al. 2012). Although tet(M) confers tetracycline 
resistance, this phenotype alone is inadequate support of livestock association (Stegger et al. 
2013). Another gene, tet(K), produces the same phenotype and was found in CC398 isolates 
belonging to the human clade (unpublished data, cited in Stegger et al., 2013). Carriage of 
livestock-associated S. aureus in humans associated with CAFOs has been well-documented. 
Livestock-associated S. aureus carriage and Transmission in Humans 
 Carriage of livestock-associated S. aureus in humans exposed to livestock has been 
documented globally. In a North Carolina study that compared S. aureus carriage in industrial 
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(not antibiotic-free) operation workers to carriage in antibiotic-free operation workers, LA-
MRSA and multidrug resistant S. aureus (MDRSA) were only found in industrial operation 
workers (Rinsky et al. 2013). Another North Carolina study found 45.5% of tested hog farm 
workers were persistent carriers of livestock-associated S. aureus. Of the S. aureus carriers, both 
MRSA and MDRSA were identified (Nadimpalli et al. 2015).  
A study of hog farmers in Germany yielded similar results – the majority of farmers were 
persistently, not transiently, colonized by livestock-associated MRSA CC398. Even after a 
holiday away from the farm, the vast majority remained colonized. These results led to the 
conclusion that farmers are likely permanently colonized by MRSA (Köck et al. 2012). 
Conversely, Graveland et al. (2011) found LA-MRSA to be a poor persistent colonizer of 
humans. 
Exposure to livestock has been identified as an important driver of colonization by LA-
MRSA. Graveland et al. (2011) found that the prevalence of LA-MRSA dropped after periods of 
minimal exposure to livestock. Feingold et al. (2012) found that being exposed to livestock by 
living in livestock-dense areas increased the odds of nasal LA-MRSA carriage. Similarly, Van 
Cleef et al. (2010) found that working with live pigs was the most important risk factor for 
MRSA colonization. A strong direct association between live hog exposure and LA-MRSA was 
also found in Garcia-Graells et al. (2012). 
Other studies compared S. aureus carriage in livestock-exposed groups with carriage in 
unexposed groups. Minimal colonization was found in a study that sampled non-familial 
community members, leading to the conclusion that dissemination of LA-MRSA CC398 beyond 
families with a livestock-exposed member is infrequent (Cuny et al. 2009). Similarly, Bisdorff et 
al. (2011) found a much higher number of livestock-exposed workers were colonized with LA-
21 
 
MRSA CC398 than were unexposed community members. Both of these found higher 
prevalence of LA-MRSA colonization in families with an exposed member, compared to 
unexposed community members (Cuny et al. 2009; Bisdorff et al. 2011). More recently, 
however, MRSA CC398 was shown to colonize people without direct livestock exposure. In a 
retrospective study, community members colonized with MRSA CC398 were found in Denmark 
(Larsen et al. 2015). 
 Another study showed similar prevalence of S. aureus and MRSA among farm workers, 
their household members, and community referent groups, but a higher prevalence of MDRSA in 
workers than in other groups (although not statistically significant). In addition, farm worker 
isolates were resistant to more classes of antibiotics than household or community residents 
(Neyra et al. 2014). 
S. aureus carriage in hogs themselves has been studied. Comparable S. aureus resistance 
profiles and amplified fragment polymorphism (AFLP) patterns were found in Western 
Switzerland between groups exposed to hogs (farmers and veterinarians) and the hogs 
themselves. Resistance to tetracycline and clarithromycin was common in isolates from both 
groups. In contrast, isolates from people with no livestock contact did not have any tetracycline 
resistance, and only 3% were resistant to clarithromycin (Oppliger et al. 2012).  
Transmission in the Environment 
 Not only have the effects of food animal antibiotic use been identified in livestock and 
nearby humans, but also in environmental media. Resistance to at least two antibiotics5 
commonly used in swine for growth promotion was found in 98% of all isolates from swine 
                                                          
5 Tested isolates were resistant to at least two of the following: erythromycin, clindamycin, virginiamycin, and 
tetracycline.  
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CAFO air6. The absence of resistance to vancomycin, an antibiotic unapproved for 
nontherapeutic food animal use, illustrates that without nontherapeutic use, resistance is not 
selected for (Chapin et al. 2005). A study in China found a similar pattern of high resistance in 
soil from land adjacent to swine feedlots. Wu et al found 15 tet gene varieties in nine different 
locations. Furthermore, a strong correlation was found between absolute tet gene copies and 
concentration of tetracycline residues in the soil (Wu et al. 2010). 
 Another study tested air, in addition to soil, around hog farms. LA-MRSA CC398 was 
identified in both media up to 300 m away from sampled farms. The same LA-MRSA CC398 
spa types were found within and outside of the farms. Wind was an important vector of LA-
MRSA, with a higher proportion of LA-MRSA-positive samples found downwind than upwind 
(Schulz et al. 2012). 
 The impact of hog farms on wastewater has also been observed. Wastewater from two 
treatment plants – one municipal and one sourced from a swine slaughterhouse – both had high 
levels of mecA after treatment. Furthermore, MRSA from each respective plant had distinct 
characteristics. Municipal wastewater had SCCmec types II, III, IV, and VII, while swine 
slaughterhouse wastewater had SCCmec types V and IX (Wan and Chou 2014). 
Public Health Significance 
 The ability of LA-MRSA to colonize humans has been well-documented (Van Cleef et al. 
2010; Graveland et al. 2011; Rinsky et al. 2013; Nadimpalli et al. 2015). Few serious infections 
from CC398 S. aureus have been reported, but its potential public health risks should not be 
overlooked given that virulence factors can be acquired through horizontal gene transfer and that 
                                                          
6 Enterococcus varieties were the target for isolation from the air, although staphylococcus, streptococcus, and 
micrococcus luteus isolates were also identified and tested. 
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these isolates are already multiple antibiotic resistant. Evidence supports that livestock-
associated CC398 lost phage-carried human virulence genes, making these strains less virulent to 
humans (Price et al. 2012). Other studies have confirmed a low number of virulence genes 
among CC398 isolates (Argudín et al. 2011). Although this is the case, some strains of CC398 
infecting humans harbor virulence genes for hemolysin or Panton-Valentine leucocidin 
production, demonstrating that CC398 can acquire virulence genes (Wulf and Voss 2008).  
 Livestock are known to often carry CC398 strains of S. aureus (Guardabassi et al. 2007; 
Nemati et al. 2008; Feßler et al. 2012; Oppliger et al. 2012). Livestock can be colonized at the 
slaughterhouse (Normanno et al. 2015), and beyond. Isolates from of a variety of retail meats 
were also found to belong to CC398 (de Boer et al. 2009; Waters et al. 2011; O’Brien et al. 
2012). In addition, isolates from retail meat also commonly contained MDRSA (Waters et al. 
2011). However, little research on the consequences of consuming CC398-contaminated meats 
has been conducted. A report from the European Food Safety Authority (EFSA) concluded that 
the risk of MRSA infection through consumption is minimal (EFSA 2009). However, little other 
research has been done to investigate this issue.  
 The exact public health consequences for the dissemination of antibiotic-resistant S. 
aureus of livestock origin remain unclear. Most of the current literature suggests that MRSA is 
not a foodborne pathogen, although research in that area is limited (Wendlandt et al. 2013). What 
is known is that these S. aureus strains can be present in our everyday surroundings, and colonize 
beyond CAFO property.   
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Materials and Methods 
Sample Population 
Isolates were obtained from hogs purchased at one independent slaughterhouse 
processing facility in eastern North Carolina between May and September 2015. The facility 
sells hog parts (heads, feet, tails, etc.) for human consumption at an onsite store. Before hog parts 
are sold, they are cleaned, submersed in boiling water, and chilled. The specific details of this 
process (time of submersion, temperature of chilling environment, etc.) are unknown.  
Samples were collected from two types of hogs – conventionally raised (CR) hogs and 
hogs raised without antibiotics (RWA). CR hogs were likely given antibiotics at some point in 
their rearing. RWA hogs were raised without the use of antibiotics; sufficient documentation 
must be submitted to the United States Department of Agriculture (USDA) in order to label 
products as “no antibiotics added” (USDA Food Safety and Inspection Service 2011). Because 
hog heads were purchased from a slaughterhouse processing facility and not directly from hog 
operations, we do not know which operations our hogs came from, or which antibiotics were 
given to each hog. However, because of the processing facility’s protocols, we were able to 
assume the type of husbandry practices our hogs were raised under.    
The facility processes hogs on different days depending on the source operations’ 
husbandry practices, and researchers from the University of North Carolina at Chapel Hill 
labeled the collected hogs as CR or RWA based on day of collection. Personal confirmation of 
CR/RWA status was also given by processing facility employees. After purchase, hogs were 
transferred to UNC Gillings School of Global Public Health on ice, travelling about 3 hours. 
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Sample collection began immediately upon arrival. A total of 9 CR and 9 RWA hog heads were 
collected. 
Obtaining Cultures 
 Nasal samples were collected from hog heads using a sterile double-tipped BBL™ 
CultureSwab™ (Becton Dickinson, Sparks, MD) consistent with published protocols used for 
isolating bacteria from humans. Both tips were inserted into one nostril, then rotated around the 
nostril walls three times, starting at the upper portion and working downward. The technique was 
repeated in the other nostril using the same swabs (National Health and Nutrition Examination 
Survey 2000; WHO 2005). After the swabs were saturated with blood and mucus, they were 
aseptically clipped and placed in separate solutions. One swab was placed in 1 mL of sterile 
0.01M phosphate buffered saline (PBS)7, and the other was placed in 10 mL Mueller-Hinton 
Broth (MHB) supplemented with 6.5% NaCl solution.  
Mouth samples were obtained from hog heads by first opening the mouths using sterile 
steel cell spreaders. Spreaders were pulled simultaneously, leveraging the upper and lower jaw 
apart. Once the mouth was open, a sterile double-tipped BD BBL™ CultureSwab™ (Becton 
Dickinson, Sparks, MD) was inserted into the mouth. The top and bottom of the tongue, upper 
and lower gums, and teeth were swabbed until saturation. Mouth samples were aseptically 
clipped and placed in the same two solution types as nasal samples – one with PBS and one with 
MHB. All samples were mixed with a vortex mixer (Fisher Scientific, Waltham, MA) after swab 
addition. Swabs in both solutions (MHB and PBS) were incubated for 18-24 hours at 37°C. 
                                                          
7 The PBS solution was used for quantification purposes, and was not used for antibiotic susceptibility testing. 
Therefore, procedures after incubation will not be detailed.  
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 Once incubated, a sterile loop was inserted into MHB solution. The loop, which held 
about 10 μL of solution, was streaked to isolation on BBL™ CHROMagar™ Staph aureus (CA) 
media (Becton Dickinson, Sparks, MD). This was performed twice for each solution, yielding 
duplicate CA plates. CA plates were then incubated at 37°C for 24 hours.  
On the same day MHB solution was streaked onto plates, 1 mL of MHB was transferred 
to a selective broth containing 9 mL of Tryptic Soy Broth (TSB) with 2.5% NaCl, 75 mg/L 
aztreonam, and 3.5 mg/L cefoxitin (Rinsky et al. 2013). The selective broth was mixed and 
incubated overnight at 37°C.  
After the CA plates were incubated, a total of up to five presumptive S. aureus colonies 
(colonies with a pink to mauve color) from each solution were selected and streaked to isolation 
onto Trypticase Soy Agar (TSA) with 5% sheep blood (Remel Laboratories, Lenexa, KS) and 
incubated for 24 hours at 37°C. After incubation, isolates were stored at -80°C in 1 mL of Brain 
Heart Infusion Broth (BHIB) + 15% glycerol until further characterization. On the same day, 
selective broth samples were streaked to isolation using the method described above. Isolates 
were obtained from selective broth following the same procedure for selecting and storing MHB 
isolates.  
Molecular Characterization 
 Multiplex polymerase chain reaction (PCR) was used in order to determine isolate 
characteristics and confirm isolates as S. aureus. Presence of staphylococcal protein A (spa), a S. 
aureus-specific gene, confirmed isolates as S. aureus (Shopsin et al. 1999). Other genes tested 
were mecA, mecC, pvl and scn. Staphylococcus strain LGA251 was used as a positive control for 
mecC and strain CA5003, a clinical MRSA isolate, was used as a positive control for mecA, pvl, 
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scn, and spa (Stegger et al. 2012). Alternative spa primer (National Food Institute 2009) and 
femA (Paule et al. 2004) were tested in isolates which had other characteristics of S. aureus but 
did not carry spa.  
Antimicrobial Susceptibility Testing 
 Antimicrobial susceptibility testing was performed on confirmed S. aureus isolates using 
the Kirby-Bauer disk diffusion method. Protocols were followed from the Clinical and 
Laboratory Standards Institute (CLSI 2014). The 2014 standards were followed for all antibiotics 
except amoxicillin, for which protocols were only in the 2012 guidelines (CLSI 2012). Isolates 
were categorized as susceptible, intermediately resistant, or resistant based on diameters of 
clearance zones when treated with a given antibiotic. These diameters are defined in the CLSI 
guidelines. Antibiotic disks were BBL™ Sensi-Disc™ (Becton Dickinson, Sparks, MD); 
Mueller Hinton agar plates were BBL™ Stacker™ Plates (Becton Dickinson, Sparks, MD); 
positive control was ATCC 25923. Antibiotic disk content for disks used in testing are given in 
Table 1.  
Data Analysis 
Isolates that were intermediately resistant were classified as susceptible for data analysis. 
Isolates that exhibited complete resistance to three or more classes of antibiotics were classified 
as multi-drug resistant (MRDSA) (Magiorakos et al. 2012). Because intermediately resistant 
isolates were classified as susceptible for analysis, intermediate resistance was not included in 
determining multidrug resistance. MRSA was defined as resistance to cefoxitin (Fernandes et al. 
2005).  
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 Microsoft Excel 2013 (Redmond, WA) was used to perform two-tailed student’s t-tests, 
assuming unequal variance. These tests were used to compare proportions of multidrug-resistant 
hog isolates in CR and RWA groups, and to compare proportions of hog isolates in each group 
that are resistant to at least one antibiotic sold or distributed mostly to food animals. Statistical 
significance was assessed at α=0.05. Microsoft Excel 2013 (Redmond, WA) was also used to 
create figures.  
Results 
 Of all hog noses sampled, 12/18 (67%) contained at least one spa positive isolate 
(confirming the isolate as S. aureus). Of all hog mouths sampled, 14/18 (83%) contained at least 
one spa positive isolate. Comparing hogs raised without antibiotics (RWA) to conventionally 
raised (CR) hogs, 6/9 (67%) RWA hogs contained at least one spa positive isolate in the nose, 
and 6/9 (67%) contained at least one in the mouth. In CR hogs, 6/9 (67%) had at least one spa 
positive isolate in the nose, and 8/9 (89%) had at least one in the mouth. 
Overall, higher proportions of S. aureus isolates from CR hogs were resistant to each 
antibiotic tested (Figure 1). Isolates from CR hogs were far more frequently resistant to 
tetracycline than isolates from RWA hogs – 90/98 (92%) isolates from CR hogs were 
tetracycline-resistant compared to 5/115 (4%) isolates from RWA hogs. All S. aureus isolates 
from RWA hogs were resistant to penicillin 115/115 (100%), which is far higher than the 
number of isolates from RWA hogs resistant to any other tested antibiotic. A total of 33 S. 
aureus isolates from RWA hogs were intermediately resistant – 32 to ciprofloxacin and 1 to 
erythromycin. A total of 59 S. aureus isolates from CR hogs were intermediately resistant – 18 to 
ciprofloxacin, 39 to clindamycin, and 2 to erythromycin. All isolates were susceptible to 
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cefoxitin, gentamicin, linezolid, trimethoprim-sulfamethoxazole, rifampin, and quinupristin-
dalfopristin (Figure 1).  
Although every S. aureus isolate tested was resistant to at least one antibiotic class, S. 
aureus from CR hogs were resistant to more classes than S. aureus from RWA hogs (Figure 2). 
Most (107/115; 93%) S. aureus isolates from RWA hogs were resistant to only one antibiotic 
class, while most (78/98; 80%) S. aureus isolates from CR hogs were resistant to more than one 
antibiotic class. The majority (43/98; 44%) of isolates from CR hogs were resistant to four 
antibiotic classes (Figure 2).  
The greatest number of antibiotics any one isolate was resistant to was 8. One S. aureus 
isolate from a CR hog was resistant to 8 antibiotics. Additionally, each of four S. aureus isolates 
from a RWA hog was resistant to 8 antibiotics. All five of these isolates had the exact same 
antibiotic resistance profile.  
MRSA was not detected from the CR or the RWA hogs in this study. However, 
multidrug resistance was significantly more common among isolates from CR hogs (p<0.0001) 
(Figure 3). Among isolates from CR hogs, 90/98 (92%) were multidrug resistant while only 
8/115 (7%) isolates from RWA hogs were multidrug resistant. 
Due to the use of antibiotics in CR hogs, one would expect S. aureus from CR hogs to be 
resistant to antibiotic classes sold or distributed mostly to food animals more often than isolates 
from RWA hogs. We used 70% or greater of an antibiotic class sold or distributed for food 
animals as the parameter for majority food animal use (Table 2). With this definition, 
aminoglycosides, lincosamides, macrolides, and tetracyclines can be classified as having a 
dominant use in food animals. A significant proportion of S. aureus isolates from CR hogs were 
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resistant to these classes, compared to isolates from RWA hogs (Figure 4) (RWA 7% vs. CR 
98%; p<0.0001). 
We expected the proportion of resistant isolates to be higher for CR hogs for all 15 
antibiotics. The differences in proportions of resistant isolates were most vast between RWA and 
CR hogs for spectinomycin, lincomycin, and tetracycline (Figure 1). Differences between groups 
were also vast for penicillin, although this was not anticipated. All isolates from RWA hogs were 
resistant to penicillin, and only 60% of isolates from CR hogs were resistant (Figure 1).   
Discussion 
Our results suggest that there is a relationship between using antibiotics in hog husbandry 
and the evolution and selection of antibiotic-resistant S. aureus isolates. Perhaps the most direct 
support for this relationship is that isolates from conventionally raised (CR) hogs had a 
significantly higher proportion of isolates resistant to antibiotics sold and distributed mostly to 
food animals, compared to isolates from hogs raised without antibiotics (RWA) (CR 98%; RWA 
7%, p<0.0001). Overall, S. aureus isolates from CR hogs also showed higher proportions of 
resistance to other tested antibiotics than S. aureus isolates from RWA hogs. CR hogs had a 
significantly higher proportion of multidrug resistant isolates (CR 92%; RWA 7%, p<0.0001). In 
addition, isolates from CR hogs were more often resistant to a greater number of antibiotic 
classes than isolates from RWA hogs. 
Our results illustrate a pattern supporting that with greater use of an antibiotic, more 
resistant strains are likely to be found. Our results also illustrate the converse – if an antibiotic is 
not often used in food animals, only a small percentage (if any) isolates will be resistant to it, 
because resistance is not selected for. This was the case for cefoxitin, linezolid, and rifampin, all 
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of which belong to classes that are minimally sold or distributed for food animals. All tested 
isolates were susceptible to these antibiotics.  
High levels of tetracycline resistance in S. aureus from CR hogs are notable because 98% 
of the antibiotic class tetracycline sold or distributed in the US is for food animal use (FDA 
2012; FDA 2014). Its heavy use in food animal production likely selects for tetracycline-resistant 
strains of bacteria (Price et al. 2012), which is illustrated by our findings. There are, however, 
some tetracycline resistance genes that are not associated with livestock. Molecular testing for 
the presence of the tet(M) gene, as opposed to a human-associated tet gene, would confirm 
resistance is conferred by the livestock-associated gene (Stegger et al. 2013). 
Even without molecular testing, our S. aureus isolates from CR hogs were resistant to 
many of the same antibiotics as in other studies of bacteria in reservoirs on or near CAFOs. For 
example, our study was similar in the high proportion of resistance to tetracycline (Guardabassi 
et al. 2007; Nemati et al. 2008; Oppliger et al. 2012), erythromycin (Guardabassi et al. 2007; 
Nemati et al. 2008), clindamycin (Guardabassi et al. 2007), trimethoprim (Nemati et al. 2008), 
and members of the macrolide class (Nemati et al. 2008; Oppliger et al. 2012). Many of the 
resistant isolates in these studies also belonged to CC398, a common characteristic of livestock-
associated S. aureus (Guardabassi et al. 2007; Nemati et al. 2008; Oppliger et al. 2012). spa 
typing and clonal complexing have been performed on our isolates, and CC398/CC9 is common 
among them (unpublished work, Rhodes and Christenson). 
Cefoxitin resistance has previously been used as a metric for phenotypic MRSA 
(Fernandes et al. 2005). Although we found no cefoxitin resistance in this study, and therefore no 
MRSA, MRSA has been identified in other studies of hogs (de Neeling et al. 2007), livestock-
exposed humans (Rinsky et al. 2013; Nadimpalli et al. 2015), and environmental media 
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surrounding hog farms (Schulz et al. 2012; Wan and Chou 2014), albeit at lower prevalence in 
the United States than in Europe. 
Access to sampling live hogs in the United States has been limited. By sampling 
minimally-processed hog heads, this study enables comparison of S. aureus isolated from hogs to 
S. aureus isolated from workers, community members and environmental media in eastern North 
Carolina. In comparison to hog workers, for example, we see a similar low prevalence of MRSA 
(Rinsky et al. 2013; Nadimpalli et al. 2015). This contrasts with studies in Germany and The 
Netherlands, which find relatively high prevalences of MRSA in their sampling populations (de 
Neeling et al. 2007; Schulz et al. 2012). As mentioned above, the majority of cephalosporin, the 
antibiotic class that cefoxitin belongs to, is sold and distributed to humans in the US – not food 
animals (FDA 2012; FDA 2014). Therefore, S. aureus in US animal agriculture settings likely do 
not experience much selective pressure in response to cefoxitin.  
Consistent with other studies, high levels of multidrug resistant S. aureus (MDRSA) were 
found in S. aureus isolates from CR hogs. Although Rinsky et al. (2013) sampled humans, not 
hog heads, our findings are consistent in that both have high proportions of MDRSA in the group 
exposed to antibiotics and lower proportions in the group unexposed to antibiotics. Because both 
studies were completed in a similar setting, eastern North Carolina hog farms, the industrial 
livestock operation conditions defined in Rinsky et al. (2013) are likely similar to conditions 
from which our CR hogs originated. This makes for a reasonable comparison of our results.  
Comparing the number of antibiotic classes to which isolates are resistant, we see 
dramatically different profiles between the RWA and CR hogs. Isolates from CR hogs are 
resistant to far more antibiotic classes than RWA hog isolates. Although the fact that the hogs 
were processed in the same facility introduces the possibility of cross-contamination, the 
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substantial differences between the groups’ antibiotic resistance profiles suggest that cross-
contamination was minimal. Additionally, because the CR and RWA hogs were processed in the 
same facility, significant differences observed between the two groups are likely not attributable 
to S. aureus present in the slaughterhouse environment (slaughterhouse workers, facility 
surfaces), as these factors would affect both groups similarly. 
However, the five isolates resistant to 8 antibiotics present an interesting case. All five 
isolates, which came from two different hog heads (one CR and one RWA) contained the exact 
same resistance profiles. Because these two hogs should have been processed on different days 
(with a facility cleaning in between), finding S. aureus with the exact same profile was 
unexpected. This finding suggests the possibility of some cross-contamination at the farm, 
processing facility or the lab. However, identical antibiotic resistance profiles do not confirm 
these S. aureus isolates were the same. Genotypic testing would need to be performed in order to 
confirm these five isolates are the same strain. 
Contrasting proportions of resistance to antibiotics within the same class might provide 
insight into which antibiotics in a given class are most frequently used in animal agriculture. This 
seems to be the case for spectinomycin and gentamycin. All tested isolates were susceptible to 
gentamycin, but 88% of CR hog isolates were resistant to spectinomycin. Since most (98%) of 
all aminoglycosides (the class these antibiotics belong to) sold and distributed in the US are for 
food animals (FDA 2012; FDA 2014), a higher proportion of resistance to gentamycin might 
have been expected. The finding that all isolates were susceptible to gentamycin suggests that S. 
aureus populations in these hogs were unexposed to it. Thus, it is likely that gentamycin is not 
used often in animal agriculture, compared to another member of its class – spectinomycin.  
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Similarly, both spectinomycin and lincomycin show patterns of resistance that are 
similarly high to tetracycline. Certain tet genes that confer tetracycline resistance are often used 
as markers of livestock association (Stegger et al. 2013). Our findings suggest that resistance to 
spectinomycin or lincomycin might also be reliable markers of livestock association.  
Penicillin was the only antibiotic tested with considerably more resistance observed 
among S. aureus from RWA hogs than CR hogs, which was unexpected. However, bacterial 
penicillinases8 were identified even before the widespread therapeutic use of penicillin in the 
1940s (Davies and Davies 2010). Therefore, penicillin resistance might not be indicative of its 
use in food animals, but rather a widespread and preexisting bacterial quality. 
A main limitation of our study was the lack of detail about husbandry practices on the 
operations where the hogs originated. Without knowing specific information about the hog 
operations and what antibiotics they administer to hogs, it is difficult to draw conclusions about 
the use of an antibiotic and resistance to it. However, we mitigated this limitation by using the 
FDA 2014 Summary Report on Antimicrobials Sold or Distributed for Use in Food-Producing 
Animals (FDA 2014) and FDA Antibacterial Drug Use Analysis (FDA 2012) to determine the 
proportions of antibiotic classes sold or distributed for food animals and humans. From these, we 
made informed conclusions by assuming that high sales or distribution of an antibiotic class 
meant high usage in that sector (human or food animal).  
Given our study design, we cannot draw conclusions on the human health impact of 
resistant S. aureus in hogs. We only examined S. aureus from one environment (hog heads), and 
further investigation is needed to determine transmissibility and virulence of these particular 
                                                          
8 Bacterial penicillinases are enzymes produced by bacteria that confer resistance to penicillin (Davies and Davies 
2010). 
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strains. The high levels of antibiotic resistance observed among S. aureus from CR hogs support 
a need for further investigation on-site of hog farming operations. With the ability to sample live 
hogs, workers, and environmental media from a single operation, transmission and effects of S. 
aureus from livestock and the public health implications of these strains could be better assessed.  
Tables 
 
Table 1. Amount of antibiotic on disks used in antimicrobial susceptibility testing. Antibiotic 
amounts were used as specified in the antimicrobial susceptibility testing Clinical and Laboratory 
Standards Institute standards for (CLSI 2012; CLSI 2014). 
Antibiotic 
Amount 
(μg) 
Tetracycline 30 
Ciprofloxacin 5 
Levofloxacin 5 
Cefoxitin 30 
Clindamycin 2 
Erythromycin 15 
Gentamycin 10 
Linezolid 30 
Amoxicillin 20 
Sulfamethoxazole-trimethoprim 23.75/1.25 
Rifampin 5 
Quinupristin/Dalfopristin 15 
Spectinomycin 100 
Lincomycin 2 
Penicillin 10 
*Penicillin was provided in units, not μg 
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Table 2. Proportion of tested antibiotics sold and distributed in the United States. Data calculated 
based on the most recent statistics provided by the 2012 FDA Antibacterial Drug Usage Analysis 
and 2014 FDA Summary Report Antimicrobials Sold or Distributed for Use in Food-Producing 
Animals. 
Antibiotic Classes Antibiotic(s) Tested 
Total 
Weight 
(kg) 
Food-Producing 
Animals (FDA 
2014) 
Humans 
(FDA 
2011) 
Aminoglycosides Gentamycin; Spectinomycin 31,0645 98 2 
Fluoroquinolones Ciprofloxacin; Levofloxacin 294,659 6 94 
Lincosamides Clindamycin; Lincomycin 305,136 77 23 
Macrolides Erythromycin 785,797 79 21 
Oxalozolidinones Linezolid 5,144 0 100 
Penicillin Amoxicillin; Penicillin 2,346,396 38 62 
Ansamycin Rifampin 6,949 0 100 
Streptogramins Quinupristin-dalfopristin - - - 
Sulfa Trimethoprim-sulfamethoxazole 933,888 48 52 
Tetracycline Tetracycline 6,714,681 98 2 
Cephalosporin Cefoxitin 528,632 6 94 
*Sales and distribution of fluoroquinolone were not given for humans. The percentage shown for 
humans was calculated using the overarching class quinolone.  
**No data was given on the class ansamycin, so provided data for rifampin was used instead.  
***Because there are fewer than three sponsors for streptogramins, data is not independently 
reported for food animals.  
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Figures 
 
Figure 1. Percent of tested S. aureus isolates resistant to each antibiotic. N=115 for Raised 
Without Antibiotics (RWA) isolates, and N=98 for Conventionally Raised (CR) isolates. 
Tetracycline=Tet; Ciprofloxacin=Cip; Levofloxacin=Lev; Cefoxitin=Cef; Clindamycin=Clind; 
Erythromycin=Eryth; Gentamycin=Gen; Linez=Linezolid; Amox=Amoxicillin; 
Sulfa=Sulfamethoxazole-trimethoprim; Rif=Rifampin; Quin=Quinupristin/Dalfopristin; 
Spect=Spectinomycin; Linco=Lincomycin.  
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Figure 2. Prevalence of resistance to multiple classes of antibiotics amongst S. aureus isolates 
from CR and RWA hogs. N=115 for raised without antibiotics (RWA), and N=98 for 
conventionally raised (CR). Calculated out of the total number of isolates in each group (CR or 
RWA).  
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Figure 3. Percent of multidrug resistant tested S. aureus isolates. N=115 for raised without 
antibiotics (RWA), and N=98 for conventionally raised (CR); p<0.0001. Multidrug resistance 
was defined as resistance to three or more antibiotic classes (Magiorakos et al. 2012). 
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Figure 4. Percent of tested isolates resistant to antibiotics primarily used in livestock. Classes in 
this category are aminoglycosides, lincosamides, macrolides, and tetracycline. N=115 for raised 
without antibiotics (RWA) isolates, and N=98 for conventionally raised (CR) isolates; p<0.0001. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7.0
98.0
0
10
20
30
40
50
60
70
80
90
100
RWA CR
%
 R
es
is
ta
n
t
Husbandry Method
41 
 
References 
113th Congress. 2013. S.1256 - Preventing Antibiotic Resistance Act of 2013. 
Abraham E, Chain E. 1940. An Enzyme from Bacteria Able to Destroy Penicillin. Nature:837. 
Argudín MA, Tenhagen BA, Fetsch A, Sachsenröder J, Käsbohrer A, Schroeter A, Hammer JA, 
Hertwig S, Helmuth R, Bräunig J, et al. 2011. Virulence and resistance determinants of German 
Staphylococcus aureus ST398 isolates from nonhuman sources. Appl. Environ. Microbiol. 
77:3052–3060. 
Baddour MM. 2010. Public Health in the 21st Century: MRSA (Methicillin Resistant 
Staphylococcus aureus) Infections and Treatment. Nova. 
Belongia EA, Schwartz B. 1998. Strategies for promoting judicious use of antibiotics by doctors 
and patients. BMJ 317:668–71. 
Bisdorff B, Scholhölter J, Claußen K, Pulz M, Nowak D, Radon K. 2011. MRSA-ST398 in 
livestock farmers and neighbouring residents in a rural area in Germany. BMC Proc. 5:P169. 
de Boer E, Zwartkruis-Nahuis JTM, Wit B, Huijsdens XW, de Neeling AJ, Bosch T, van 
Oosterom RAA, Vila A, Heuvelink AE. 2009. Prevalence of methicillin-resistant Staphylococcus 
aureus in meat. Int. J. Food Microbiol. 134:52–56. 
van den Bogaard AE, London N, Driessen C, Stobberingh EE, Bogaard AE van den, London N, 
Driessen C, Stobberingh EE. 2001. Antibiotic resistance of faecal Escherichia coli in poultry, 
poultry farmers and poultry slaughterers. J. Antimicrob. Chemother. 47:763–71. 
Boost M, Ho J, Guardabassi L, O’Donoghue M. 2013. Colonization of Butchers with Livestock-
Associated Methicillin-Resistant Staphylococcus aureus. Zoonoses Public Health 60:572–576. 
CDC. 2013. Antibiotic Threats in the United States, 2013. Atlanta. 
Chadwick D, Goode J, editors. 1997. Antibiotic resistance: origins, evolution, selection and 
spread. 207th ed. John Wiley & Sons. 
Chapin A, Rule A, Gibson K, Buckley T, Schwab K. 2005. Airborne multidrug-resistant bacteria 
isolated from a concentrated swine feeding operation. Environ. Health Perspect. 113:137–142. 
Chuang YY, Huang YC. 2015. Livestock-associated meticillin-resistant Staphylococcus aureus 
in Asia: An emerging issue? Int. J. Antimicrob. Agents 45:334–340. 
Van Cleef B, Broens E, Voss A, Huijsdens XW, Züchner L, Van Benthem BHB, Kluytmans 
JAJW, Mulders MN, Van De Giessen AW. 2010. High prevalence of nasal MRSA carriage in 
slaughterhouse workers in contact with live pigs in The Netherlands. Epidemiol … 138:756–763. 
CLSI. 2012. Performance Standards for Antimicrobial Susceptibility Testing; Twenty-Second 
Informational Supplement. 
CLSI. 2014. Performance Standards for Antimicrobial Susceptibility Testing. Wayne, PA. 
Coates AR, editor. 2012. Handbook of Experimental Pharmacology. In: Antibiotic Resistance. 
211th ed. Springer. 
Cuny C, Nathaus R, Layer F, Strommenger B, Altmann D, Witte W. 2009. Nasal colonization of 
42 
 
humans with methicillin-resistant Staphylococcus aureus (MRSA) CC398 with and without 
exposure to pigs. PLoS One 4:1–6. 
DANMAP. 2013. DANMAP 2013 - Use of antimicrobial agents and occurrence of antimicrobial 
resistance in bacteria from food animals, food and humans in Denmark. 
Davies J, Davies D. 2010. Origins and evolution of antibiotic resistance. Microbiol. Mol. Biol. 
Rev. 74:417–33. 
Deleo FR, Chambers HF. 2009. Reemergence of antibiotic-resistant Staphylococcus aureus in 
the genomics era. 119. 
Donham KJ. 1998. The Impact of Industrial Swine Production on Human Health. In: Thu KM, 
Durrenberger EP, editors. Pigs, Profits, and Rural Communities. p. 73–80. 
EFSA. 2009. Assessment of the Public Health significance of meticillin resistant Staphylococcus 
aureus (MRSA) in animals and foods. Parma, Italy. 
Von Essen SG, Auvermann BW. 2005. Health Effects from Breathing Air Near CAFOs for 
Feeder Cattle or Hogs. J. Agromedicine 10:55–64. 
FDA. 1985. CVM GFI #23 Medicated Free Choice Feeds -- Manufacturing Control. Anim. Vet. 
Guid. Compliance Enforc. 
FDA. 2012. Antibacterial Drug Use Analysis. 
FDA. 2014. 2014 Summary Report on Antimicrobials Sold or Distributed for Use in Food-
Producing Animals. 
FDA. 2015. Approved Animal Drug Products (Green Book). 
Feingold BJ, Silbergeld EK, Curriero FC, van Cleef BAGL, Heck MEOC, Kluytmans JAJW. 
2012. Livestock density as risk factor for livestock-associated methicillin-resistant 
Staphylococcus aureus, the Netherlands. Emerg. Infect. Dis. 18:1841–1849. 
Fernandes CJ, Fernandes L a, Collignon P. 2005. Cefoxitin resistance as a surrogate marker for 
the detection of methicillin-resistant Staphylococcus aureus. J. Antimicrob. Chemother. 55:506–
10. 
Feßler AT, Olde Riekerink RGM, Rothkamp A, Kadlec K, Sampimon OC, Lam TJGM, Schwarz 
S. 2012. Characterization of methicillin-resistant Staphylococcus aureus CC398 obtained from 
humans and animals on dairy farms. Vet. Microbiol. 160:77–84. 
Fluit AC. 2012. Livestock-associated Staphylococcus aureus. Clin. Microbiol. Infect. 18:735–
744. 
GAO. 2011. Agencies Have Made Limited Progress Addressing Antibiotic Use in Animals. 
GARCIA-GRAELLS C, ANTOINE J, LARSEN J, CATRY B, SKOV R, DENIS O. 2012. 
Livestock veterinarians at high risk of acquiring methicillin-resistant Staphylococcus aureus 
ST398. Epidemiol. Infect. 140:383–389. 
Golding GR, Bryden L, Levett PN, McDonald RR, Wong A, Wylie J, Graham MR, Tyler S, van 
Domselaar G, Simor AE, et al. 2010. Livestock-associated methicillin-resistant Staphylococcus 
43 
 
aureus sequence type 398 in humans, Canada. Emerg. Infect. Dis. 16:587–594. 
Gorwitz RJ, Kruszon-Moran D, McAllister SK, McQuillan G, McDougal LK, Fosheim GE, 
Jensen BJ, Killgore G, Tenover FC, Kuehnert MJ. 2008. Changes in the prevalence of nasal 
colonization with _Staphylococcus aureus_ in the United States, 2001-2004. J.Infect.Dis. 
197:1226–1234. 
Graveland H, Wagenaar JA, Bergs K, Heesterbeek H, Heederik D. 2011. Persistence of livestock 
associated MRSA CC398 in humans is dependent on intensity of animal contact. PLoS One 6. 
Guardabassi L, Jensen LB, Kruse H. 2009. Guide to Antimicrobial Use in Animals. Elsevier 
B.V. 
Guardabassi L, Stegger M, Skov R. 2007. Retrospective detection of methicillin resistant and 
susceptible Staphylococcus aureus ST398 in Danish slaughter pigs. Vet. Microbiol. 122:384–
386. 
Gustafson RH, Bowen RE. 1997. Antibiotic use in animal agriculture. J. Appl. Microbiol. 
83:531–541. 
Ho PL, Chow KH, Lai EL, Law PYT, Chan PY, Ho AYM, Ng TK, Yam WC. 2012. Clonality 
and antimicrobial susceptibility of Staphylococcus aureus and methicillin-resistant S. aureus 
isolates from food animals and other animals. J. Clin. Microbiol. 50:3735–3737. 
IWG-SCC. 2009. Classification of Staphylococcal Cassette Chromosome mec (SCCmec): 
Guidelines for Reporting Novel SCCmec Elements. 
Jones FT, Ricke SC. 2003. Observations on the history of the development of antimicrobials and 
their use in poultry feeds. Poult. Sci. 82:613–617. 
Kluytmans J, van Belkum A, Verbrugh H. 1997. Nasal carriage of Staphylococcus aureus: 
epidemiology, underlying mechanisms, and associated risks. Clin. Microbiol. Rev. 10:505–20. 
Köck R, Loth B, Köksal M, Schulte-Wülwer J, Harlizius J, Friedrich AW. 2012. Persistence of 
nasal colonization with livestock-associated methicillin-resistant staphylococcus aureus in pig 
farmers after holidays from pig exposure. Appl. Environ. Microbiol. 78:4046–4047. 
Larsen J, Petersen A, Sorum M, Stegger M, Van Alphen L, Valentiner-Branth P, Knudsen LK, 
Larsen LS, Feingold B, Price LB, et al. 2015. Meticillin-resistant staphylococcus aureus CC398 
is an increasing cause of disease in people with no livestock contact in Denmark, 1999 to 2011. 
Eurosurveillance 20. 
Levy SB. 1998. The challenge of antibiotic resistance. Sci. Am. 278:46–53. 
Van Loo I, Huijsdens X, Tiemersma E, De Neeling A, Van De Sande-Bruinsma N, Beaujean D, 
Voss A, Kluytmans J. 2007. Emergence of methicillin-resistant Staphylococcus aureus of animal 
origin in humans. Emerg. Infect. Dis. 13:1834–1839. 
Lowy FD. 1998. Staphylococcus aureus infections. N. Engl. J. Med. 339:520–532. 
Magiorakos AP, Srinivasan A, Carey RB, Carmeli Y, Falagas ME, Giske CG, Harbarth S, 
Hindler JF, Kahlmeter G, Olsson-Liljequist B, et al. 2012. Multidrug-resistant, extensively drug-
resistant and pandrug-resistant bacteria: An international expert proposal for interim standard 
44 
 
definitions for acquired resistance. Clin. Microbiol. Infect. 18:268–281. 
McMurry L, Petrucci RE, Levy SB. 1980. Active efflux of tetracycline encoded by four 
genetically different tetracycline resistance determinants in Escherichia coli. Proc. Natl. Acad. 
Sci. U. S. A. 77:3974–3977. 
Millar BC, Loughrey A, Elborn JS, Moore JE. 2007. Proposed definitions of community-
associated meticillin-resistant Staphylococcus aureus (CA-MRSA). J. Hosp. Infect. 67:109–113. 
Mirabelli MC, Wing S, Marshall SW, Wilcosky TC. 2006. Asthma symptoms among 
adolescents who attend public schools that are located near confined swine feeding operations. 
Pediatrics 118:e66–e75. 
Nadimpalli M, Rinsky JL, Wing S, Hall D, Stewart J, Larsen J, Nachman KE, Love DC, Pierce 
E, Pisanic N, et al. 2015. Persistence of livestock-associated antibiotic-resistant Staphylococcus 
aureus among industrial hog operation workers in North Carolina over 14 days. Occup. Environ. 
Med. 72:90–9. 
National Food Institute. 2009. Protocol for spa typing. Copenhagen. 
National Health and Nutrition Examination Survey. 2000. Specimen Collection Procedures 
Manual. :10. 
de Neeling AJ, van den Broek MJM, Spalburg EC, van Santen-Verheuvel MG, Dam-Deisz 
WDC, Boshuizen HC, van de Giessen AW, van Duijkeren E, Huijsdens XW. 2007. High 
prevalence of methicillin resistant Staphylococcus aureus in pigs. Vet. Microbiol. 122:366–372. 
Nemati M, Hermans K, Lipinska U, Denis O, Deplano A, Struelens M, Devriese LA, Pasmans F, 
Haesebrouck F. 2008. Antimicrobial resistance of old and recent Staphylococcus aureus isolates 
from poultry: first detection of livestock-associated methicillin-resistant strain ST398. 
Antimicrob. Agents Chemother. 52:3817–9. 
Neyra RC, Frisancho JA, Rinsky JL, Resnick C, Carroll KC, Rule AM, Ross T, You Y, Price 
LB, Silbergeld EK. 2014. Multidrug-resistant and methicillin-resistant Staphylococcus aureus 
(MRSA) in hog slaughter and processing plant workers and their community in North Carolina 
(USA). Environ. Health Perspect. 122:471–7. 
Normanno G, Dambrosio A, Lorusso V, Samoilis G, Di Taranto P, Parisi A. 2015. Methicillin-
resistant Staphylococcus aureus (MRSA) in slaughtered pigs and abattoir workers in Italy. Food 
Microbiol. 51:51–56. 
O’Brien AM, Hanson BM, Farina SA, Wu JY, Simmering JE, Wardyn SE, Forshey BM, Kulick 
ME, Wallinga DB, Smith TC. 2012. MRSA in conventional and alternative retail pork products. 
PLoS One 7. 
Oppliger A, Moreillon P, Charrière N, Giddey M, Morisset D, Sakwinska O. 2012. 
Antimicrobial resistance of Staphylococcus aureus strains acquired by pig farmers from pigs. 
Appl. Environ. Microbiol. 78:8010–8014. 
Paule SM, Pasquariello AC, Hacek DM, Fisher AG, Thomson  Jr. RB, Kaul KL, Peterson LR. 
2004. Direct detection of Staphylococcus aureus from adult and neonate nasal swab specimens 
using real-time polymerase chain reaction. J Mol Diagn 6:191–196. 
45 
 
Price LB, Stegger M, Hasman H, Aziz M, Larsen J, Andersen S, Pearson T. 2012. Adaptation 
and emergence of Staphylococcus aureus CC39: Host adaptation and emergence of methicillin 
resistance in livestock. MBio 3:1–6. 
Read AF. 1994. The evolution of virulence. Trends Microbiol. 2:73–76. 
Rhodes S, Christenson E. Prevalence of livestock-associated, multi-drug-resistant, methicillin-
susceptible S. aureus (MSSA) is much lower in the snouts and mouths of recently slaughtered 
North Carolina hogs raised without antibiotics compared to conventionally raised 
hogs. Unpublished work. 
Rinsky JL, Nadimpalli M, Wing S, Hall D, Baron D, Price LB, Larsen J, Stegger M, Stewart J, 
Heaney CD. 2013. Livestock-Associated Methicillin and Multidrug Resistant Staphylococcus 
aureus Is Present among Industrial, Not Antibiotic-Free Livestock Operation Workers in North 
Carolina. PLoS One 8:1–11. 
Schulz J, Friese A, Klees S, Tenhagen BA, Fetsch A, Rösler U, Hartung J. 2012. Longitudinal 
study of the contamination of air and of soil surfaces in the vicinity of pig barns by livestock-
associated methicillin-resistant Staphylococcus aureus. Appl. Environ. Microbiol. 78:5666–5671. 
Shopsin B, Gomez M, Montgomery SO, Smith DH, Waddington M, Dodge DE, Bost DA, 
Riehman M, Naidich S, Kreiswirth BN. 1999. Evaluation of protein A gene polymorphic region 
DNA sequencing for typing of Staphylococcus aureus strains. J. Clin. Microbiol. 37:3556–3563. 
Smith TC, Wardyn SE. 2015. Human Infections with Staphylococcus aureus CC398. 
Curr.Environ.Health Rep. 2:41–51. 
Sorensen AC, Lawrence RS, Davis MF. 2014. Interplay between policy and science regarding 
lowdose antimicrobial use in livestock. Front. Microbiol. 5:58–60. 
Stegger M, Andersen PS, Kearns A, Pichon B, Holmes MA, Edwards G, Laurent F, Teale C, 
Skov R, Larsen AR. 2012. Rapid detection, differentiation and typing of methicillin-resistant 
Staphylococcus aureus harbouring either mecA or the new mecA homologue mecA LGA251. 
Clin. Microbiol. Infect. 18:395–400. 
Stegger M, Liu CM, Larsen J, Soldanova K, Aziz M, Contente-Cuomo T, Petersen A, 
Vandendriessche S, Jiménez JN, Mammina C, et al. 2013. Rapid differentiation between 
livestock-associated and livestock-independent Staphylococcus aureus CC398 clades. PLoS One 
8:e79645. 
Strommenger B, Kettlitz C, Weniger T, Harmsen D, Friedrich AW, Witte W. 2006. Assignment 
of Staphylococcus isolates to groups by spa typing, SmaI macrorestriction analysis, and 
multilocus sequence typing. J. Clin. Microbiol. 44:2533–2540. 
The White House. 2014a. National Strategy for Combating Antibiotic Resistant Bacteria. 
Cdc.Gov Accessed 05.02.2015 
<Http://Www.Cdc.Gov/Drugresistance/Pdf/Carb_National_Strategy.Pdf>. 
The White House. 2014b. Executive Order -- Combating Antibiotic-Resistant Bacteria. 
The White House. 2014c. National Strategy for Combating Antibiotic-Resistant Bacteria. 
46 
 
Toutain P-L, Ferran A, Alain B-M. 2010. Comparative and Veterinary Pharmacology. In: 
Cunningham F, Elliott J, Lees P, editors. Handbook of Experimental Pharmacology. 199th ed. 
New York: Springer. p. 21–38. 
USDA Food Safety and Inspection Service. 2011. Meat and Poultry Labeling Terms. 
Vestergaard M, Cavaco LM, Sirichote P, Unahalekhaka A, Dangsakul W, Svendsen CA, 
Aarestrup FM, Hendriksen RS. 2012. Sccmec type IX element in methicillin resistant 
Staphylococcus aureus spa type t337 (CC9) isolated from pigs and pork in Thailand. Front. 
Microbiol. 3. 
Voss A, Loeffen F, Bakker J, Klaassen C, Wulf M. 2005. Methicillin-resistant Staphylococcus 
aureus in pig farming. Emerg. Infect. Dis. 11:1965–6. 
Wagenaar JA, Yue H, Pritchard J, Broekhuizen-Stins M, Huijsdens X, Mevius DJ, Bosch T, Van 
Duijkeren E. 2009. Unexpected sequence types in livestock associated methicillin-resistant 
Staphylococcus aureus (MRSA): MRSA ST9 and a single locus variant of ST9 in pig farming in 
China. Vet. Microbiol. 139:405–409. 
Walsh C. 2000. Molecular mechanisms that confer antibacterial drug resistance. Nature 
406:775–781. 
Wan MT, Chou CC. 2014. Spreading of β-lactam resistance gene (mecA) and methicillin-
resistant Staphylococcus aureus through municipal and swine slaughterhouse wastewaters. Water 
Res. 64:288–295. 
Waters AE, Contente-Cuomo T, Buchhagen J, Liu CM, Watson L, Pearce K, Foster JT, Bowers 
J, Driebe EM, Engelthaler DM, et al. 2011. Multidrug-Resistant Staphylococcus aureus in US 
Meat and Poultry. Clin. Infect. Dis. 52:1227–1230. 
Wendlandt S, Schwarz S, Silley P. 2013. Methicillin-resistant Staphylococcus aureus: a food-
borne pathogen? Annu. Rev. Food Sci. Technol. 4:117–39. 
Wertheim HFL, Melles DC, Vos MC, van Leeuwen W, van Belkum A, Verbrugh HA, Nouwen 
JL. 2005. The role of nasal carriage in Staphylococcus aureus infections. Lancet Infect. Dis. 
5:751–762. 
WHO. 2003. Impacts of antimicrobial growth promoter termination in Denmark. Foulum, 
Denmark. 
WHO. 2005. WHO guidelines for the collection of human specimens for laboratory diagnosis of 
avian influenza infection. 
WHO. 2015. Global Action Plan on Antimicrobial Resistance. 
Williams RJ, Heymann DL. 1998. Containment of antibiotic resistance. Science 279:1153–1154. 
Wing S, Cole D, Grant G. 2000. Environmental injustice in North Carolina’s hog industry. 
Environ. Health Perspect. 108:225–231. 
Wing S, Horton RA, Rose KM. 2013. Air pollution from industrial swine operations and blood 
pressure of neighboring residents. Environ. Health Perspect. 121:92–96. 
47 
 
Wu N, Qiao M, Zhang B, Cheng W Da, Zhu YG. 2010. Abundance and diversity of tetracycline 
resistance genes in soils adjacent to representative swine feedlots in China. Environ. Sci. 
Technol. 44:6933–6939. 
Wulf M, Voss A. 2008. MRSA in livestock animals - An epidemic waiting to happen? Clin. 
Microbiol. Infect. 14:519–521. 
Appendix A  
Raw data of antibiotic resistance profiles for each tested isolates. Tet=tetracycline; 
Cip=ciprofloxacin; Lev=levofloxacin; Cef=cefoxitin; Clin=clindamycin; Ery=erythromycin; 
Gen=gentamycin; Linz=linezolid; Am=amoxicillin; Sul=trimethoprim-sulfamethoxazole; 
Rif=rifampin; Qui=Quinupristin-dalfopristin; Spec=spectinomycin; Linc=lincomycin; 
S=susceptible; I=intermediately resistant; R=resistant. 
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